Rationale: Acquisition of a procalcific phenotype by resident or circulating cells is important for calcification of atherosclerotic plaques, which is common in diabetes.
V ascular calcification is a hallmark feature of diabetic vasculopathy. 1, 2 Within atherosclerotic lesions, intimal microcalcifications contribute to destabilize the plaque. 3 The mechanisms increasing vascular calcification in diabetes are incompletely understood: excess concentrations of procalcific factors and reduction of osteogenic inhibitors may be involved. 2 Cells that initiate vascular calcification are yet to be definitely identified: vascular wall resident cells, such as smooth muscle cells or pericytes, can transdifferentiate and produce a mineralized matrix. 4, 5 In addition, Eghbali-Fatourechi et al described the existence of circulating osteoblastic cells in human peripheral blood that calcify in vitro and in vivo. 6 These cells, which express the bone protein osteocalcin (OC) and bone alkaline phosphatase (BAP), have been considered circulating osteoprogenitor cells, but their origin is unclear. Classic osteoprogenitor cells in the bone marrow originate from the mesenchymal compartment, but one study proposed that OC ϩ and BAP ϩ cells might not be completely distinct from hematopoietic stem cells. 7 Circulating OC ϩ and BAP ϩ cells have been found to increase after a fracture, 6 possibly through stimulation of the bone marrow niche to release cells with an osteogenic phenotype. 8, 9 In relation to cardiovascular disease (CVD), preliminary clinical studies found that coronary atherosclerosis and arterial stiffening are associated with activation of an osteogenic program in bone marrow-derived cells, 10, 11 but the pathophysiological role of these cells in vascular calcification is still unknown.
Here, we investigated the nature, origin, and activity of human circulating procalcific cells. We show that OC ϩ BAP ϩ cells originate from the myeloid lineage and retain monocyte/ macrophage markers, and a subpopulation of them is longlived. These "myeloid calcifying cells" (MCCs) can be differentiated from peripheral blood mononuclear cells and form ectopic calcifications in vivo. From a clinical point of view, we provide evidence that MCCs are overrepresented in type 2 diabetes blood and atherosclerotic lesions, whereas glycemic control was able to reduce MCCs toward normal levels. Taken together, our data identify a novel source of procalcific cells that may contribute to vascular calcification, which is involved in the high cardiovascular risk associated with diabetes.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Briefly, circulating and cultured procalcific cells were characterized by (1) flow cytometry for expression of OC, BAP, CD34, CD14, CD45, CD68, CD7, CD44, and CD90; (2) expression of Runx2 mRNA and protein; (3) ability to form calcifications in vitro and in vivo after implantation into nude mice; (4) analysis of the secretome; (5) presence of Y chromosome in cases of sex-mismatched bone marrow transplantation; and (6) presence of the BCR-ABL transcript in cases of chronic myeloid leukemia. Circulating OC ϩ BAP ϩ procalcific cells were then quantified in 100 patients with or without diabetes and CVD. A subgroup of patients was enrolled in a trial of optimization of glucose levels; circulating OC ϩ BAP ϩ cells were quantified before and after 3 months in the intervention (insulin) and in the control group. In a group of subjects, OC ϩ BAP ϩ cell count was also determined in bone marrow aspirates. Finally, carotid endoarterectomy specimen were obtained from diabetic and nondiabetic patients for analysis of: (1) calcified areas; (2) presence of OC ϩ and BAP ϩ cells; and (3) staining with CD68 and ␣-smooth muscle actin (␣SMA).
Results

Activity, Identity, and Origin of Circulating Calcifying Cells
To identify procalcific cells, circulating mononuclear cells were stained with OC and BAP. In 28 healthy subjects, 4.4Ϯ0.5% of circulating blood cells were OC ϩ and 3.8Ϯ 0.5% were BAP ϩ . In turn, 21.6Ϯ2.9% of OC ϩ cells coexpressed BAP, and 30.3Ϯ4.3% of BAP ϩ cells coexpressed OC ( Figure 1A) . Because OC and BAP did not appear to identify the same cells and were coexpressed by a subset of cells, to understand the procalcific potential of cells expressing either OC or BAP or both, we freshly sorted OC Ϫ BAP Ϫ , OC ϩ BAP Ϫ , OC Ϫ BAP ϩ , and OC ϩ BAP ϩ cells for calcification assay in vivo. When embedded into Matrigel plugs and injected in nude mice, OC ϩ BAP ϩ cells induced higher amounts of calcification compared with cells expressing either OC or BAP and to the OC Ϫ BAP Ϫ negative control ( Figure 1B ). Calcified areas were spotty and did not include foci of bone or cartilage formation. The rate of apoptotic cell death, which may trigger pathological cell-mediated calcification, 12 was low (Ϸ2% to 3%), but was significantly higher in plugs implanted with OC ϩ BAP ϩ cells than with other phenotypes (Online Figure I, A) . These preliminary results allowed us to focus on the OC ϩ BAP ϩ as the most functionally relevant phenotype of circulating calcifying cells.
OC ϩ BAP ϩ cells were then assayed for expression of other markers: lack of CD34 expression indicated they are distinct from hematopoietic stem cells. However, the expression of CD45, CD14, and CD68 suggested that OC ϩ BAP ϩ cells are derived from cells belonging to the monocyte/macrophage lineage ( Figure 1C ). To confirm the myeloid lineage origin of OC ϩ BAP ϩ cells, we flow-sorted fresh circulating cells according to OC and BAP expression from 3 patients with new-onset Ph ϩ chronic myeloid leukemia (CML) and looked for the BCR-ABL transcript. We found that OC ϩ BAP ϩ cells expressed the BCR-ABL transcript to the same extent as cells expressing either OC or BAP and as OC Ϫ BAP Ϫ cells, which served as controls ( Figure 1D ). This experiment provides reasonably compelling evidence that procalcific OC ϩ BAP ϩ cells originate from a myeloid progenitor and are not derived from mesenchymal stem cells, which have been previously demonstrated to be BCR-ABL negative in CML patients. 13 To understand the anatomic location and origin of myeloid OC ϩ BAP ϩ cells, we analyzed 2 women who received a male bone marrow transplant Ϸ2 and 5 years before, respectively. We found that Ϸ56% of OC ϩ BAP ϩ cells were Y-chromosome-positive, as compared with Ϸ90% of OC Ϫ BAP Ϫ cells ( Figure 1E ). The existence of Y-negative OC ϩ BAP ϩ cells years after transplantation indicates that a fraction of these cells is long-lived and rather quiescent, not being affected by myeloablation. Taking into consideration the time passed since bone marrow transplantation, it is possible to describe a logarithmic kinetic of substitution of Y Ϫ recipient cells with Y ϩ donor cells and estimate a half-life of OC ϩ BAP ϩ cells in 268 days (8.8 months), whereas the half-life of control Figure 1C ), we hypothesize that these recipient-retained, long-lived, myeloid OC ϩ BAP ϩ cells belong to the reticuloendothelial system. Collectively, these data indicate that circulating OC ϩ BAP ϩ cells are procalcific, originate from the myeloid lineage, express monocyte/macrophage markers, and a subpopulation of them is long-lived. Thereafter, we have termed these OC ϩ BAP ϩ cells MCCs.
Runx2 Expression in Myeloid Calcifying Cells
We analyzed expression of a selected range of bone-related genes and found significant upregulation of Col1a1 (3-fold), Osterix (2-fold), and Runx2 (5-fold) in freshly sorted OC ϩ BAP ϩ cells and, to a lesser extent, in OC ϩ cells ( Figure  2A ). Runx2, a master gene regulator of osteogenic differentiation, 15 showed the highest differential expression in OC ϩ BAP ϩ compared with OC Ϫ BAP Ϫ cells. Thus, we hypothesized that circulating MCCs could be distinguished from other blood cells by expression of Runx2. Using an EGFP-Runx2 gene promoter reporting assay ( Figure 2B ), we demonstrate that the EGFP-Runx2 ϩ population of circulating mononuclear cells express high levels (Ͼ90%) of OC and are 70-fold enriched in OC ϩ BAP ϩ cells as compared with the control mononuclear cell population transfected with a plasmid driving constitutive enhanced green fluorescent protein (EGFP) expression ( Figure 2C ). Runx2 protein content in OC-and/or BAP-expressing cells, analyzed by indirect intracellular flow cytometry, was Ϸ18and 10-fold increased in OC ϩ BAP ϩ and OC ϩ BAP Ϫ cells, respectively, compared with the control OC Ϫ BAP Ϫ cells ( Figure 2D ), thus confirming results of the gene reporter assay. Despite the low number of circulating Runx2 ϩ cells identified, findings were consistently reproducible among different experiments and with both methods. These data indicate that Runx2 expression is typical of OC ϩ and OC ϩ BAP ϩ cells, suggest that Runx2 is involved in the differentiation of MCCs from mononuclear cells, and support their procalcific program.
Isolation, Characterization, and Activity of Cultured MCCs
Human MCCs were obtained after 3 weeks of peripheral blood mononuclear cell (PBMC) culture in 2D Matrigel with osteogenic differentiation medium, where they assumed a rounded or cobblestone morphology. After adding ␤-glycerophosphate during the last week of culture, MCCs formed in vitro calcifications, as shown by von Kossa and Alizarin red staining, without foci of bone or cartilage formation ( Figure 3A ; higher magnification in Online Figure  II) . The same osteogenic medium protocol allowed differentiation of calcifying cells from human mesenchymal stem cells (MSCs), which served as a positive control ( Figure 3B ). Most cultured MCCs expressed OC and BAP ( Figure 3C ), similarly to the subpopulation of MSCs that differentiated toward the osteoblast lineage ( Figure 3D ). Cultured MCCs retained features of monocyte/macrophages, such as expression of CD68, CD14, and CD45, and displayed no or very low expression of CD34 and MSC markers CD90, CD29, and CD44 ( Figure 3C ). In support of the osteogenic differentiation, we found that cultured MCCs express much higher levels of bone-related genes compared with undifferentiated PBMCs, such as Runx2, Osterix, Col1a1, and BMP-2 (Online Figure III) . Runx2 upregulation was confirmed at protein level (Online Figure IV) , and expression of RankL was also in line with activation of an osteogenic program. These data indicate that cultured MCCs represent myeloid cells that have differentiated toward a procalcific phenotype and are different from MSCs. Calcification by MCCs was partly blocked by CXCR4 (C-X chemokine receptor-4) stimulation with stromal-derived factor-1␣ and was much reduced by the BAP inhibitor levamisole (Online Figure V) . Although stromal-derived factor-1␣ was shown to mediate recruitment of circulating osteogenic cells, 9 it may transiently inhibit their calcification potential. Cultured MCCs embedded in Matrigel plugs and implanted into nude mice formed gross mineralized structures in vivo (without formation of bone), containing higher amounts of calcium compared with MSCs, PBMCs, and HUVECs ( Figure  3E ). The apoptotic rate was higher in plugs implanted with MCCs compared with PBMCs or HUVECs (Online Figure I) , again suggesting that apoptosis may play a role in this process of calcification. MCCs induced ectopic calcifications also when implanted into mouse ischemic skeletal muscles ( Figure 3F ). Previous authors have found that a subpopulation of skeletal muscle cells have osteogenic potential, 16 but we show that calcified areas within muscle tissue colocalized with OC, BAP, and human mitochondria staining in serial sections, indicating that injected cells, not local cells, formed calcifications.
We finally studied the secretome of MCCs regarding release of BMPs, matrix metalloproteinases (MMPs), and TIMPs (tissue inhibitor of matrix metalloproteinases) in the culture medium. In basal conditions, MCCs secreted BMPs and factors that may account for their ability to remodel and calcify the extracellular matrix, 17 such as MMP-1 and -9 and TIMP-1 and -4 (Online Figure VI) . Collectively, these data indicate that cultured MCCs have a phenotype similar to circulating MCCs and form ectopic calcifications in vivo.
MCCs Are Increased in Diabetic Patients
Circulating MCCs were identified and counted in 50 nondiabetic (22 with and 28 without CVD) and 50 type 2 diabetic 
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(22 with and 28 without CVD) patients. Clinical characteristics of these subjects are reported in Online Table I . Plasma markers of bone metabolism were all within the normal range and not different among groups. We found that MCCs were significantly higher in the presence of either CVD or diabetes.
In diabetic versus nondiabetic patients, MCCs were higher in the presence and in the absence of CVD ( Figure 4A ). This observation was not related to a generalized increase in monocytes, because MCC level was expressed as percentage.
In a multivariable stepwise linear regression analysis in which all cardiovascular parameters were entered, diabetes remained independently associated with increased circulating MCCs, even after correction for CVD (Online Table II Online Table III) : we found that the percentage of MCCs was 2-to 4-fold higher in diabetic bone marrow than in controls in both the small ("lymphocyte") and large ("monocyte") morphological gates ( Figure 4B ).
Glucose Control Lowers Circulating MCCs
A subgroup of 18 diabetic patients was enrolled in a 3-month controlled trial (clinical characteristics in Online Table IV ). In 9 patients, basal insulin therapy was added to oral agents, whereas the other 9 patients, who were already on insulin plus oral agents, did not change their medications and served as controls. The control group was composed of patients with The more intense staining with Alizarin red for calcium than with von Kossa for inorganic phosphate possibly reflects the presence of other calcium-organic complexes in the mineralizing matrix (eg, calcium-phospholipid). C, Flow cytometric analysis of peripheral blood osteogenic cells shows positivity for OC, BAP, CD14, CD45, and CD68 and negativity for CD90, CD29, and CD44. D, Flow cytometric analysis of MSCs shows a subpopulation with positivity for OC, BAP (red rectangles), RankL, CD90, CD44, and CD29 and negativity for CD34, CD14, and CD45. E, MCCs embedded into Matrigel plugs developed calcifications 12 days later, which strongly stained with von Kossa and Alizarin red (scale bar, 100 m). Calcium quantification showed a higher amount of calcium in MCC-implanted plugs compared with plugs implanted with MSCs, PBMCs, and HUVECs. Plugs implanted with PBMCs or HUVECs did not calcify and remained adherent to the overlying skin. F, MCCs also formed ectopic calcifications after implantation into ischemic hind limb skeletal muscles, whereas no calcification was seen in control muscle sections with or without ischemia. Calcified areas colocalized with OC, BAP, and human mitochondria (ϫ20; scale bar, 100 m). similar baseline HbA1c, but who were already receiving insulin to unmask a possible direct effect of insulin itself on MCCs. HbA1c decreased by 1.15% in the intervention group and by 0.08% in the control group (PϽ0.001). Three months after initiation of insulin therapy, there was a significant decrease of circulating MCC levels, whereas control patients had similar baseline MCCs and showed no changes after 3 months ( Figure 4C ). Noteworthy, we found a significant direct correlation between percentage change in HbA1c and percentage change in MCC levels ( Figure 4D ), suggesting a direct relationship between improved glycemic control and suppression of MCC levels.
MCCs Are Increased in Carotid Atherosclerotic Plaques of Diabetic Patients
Carotid atherosclerotic specimen were obtained from diabetic (nϭ9) and nondiabetic (nϭ12) patients at time of endoarterectomy and stained for calcium deposits (von Kossa), tissue MCCs (OC and BAP), macrophage infiltration (CD68), and smooth muscle cell localization (␣SMA) in serial sections. H&E staining helped in classifying plaques according to American Heart Association guidelines. 18 Clinical characteristics of endoarterectomy patients are reported in Online Table V . There was no significant difference in the distribution of plaque types from diabetic versus nondiabetic patients (Pϭ0.345, Online Figure VIII ) even if more plaques from diabetic patients had predominantly calcified areas (type VII). Indeed, von Kossa staining showed that specimens from diabetic patients had significantly larger calcified areas (Figure 5A) , especially within the main lesion neointima ( Figure  5B and 5D ). Some samples showed intense staining for both OC and BAP, mainly in the main lesion neointima, whereas the far wall was negative for OC and BAP or showed weak positivity for either OC or BAP, but not both ( Figure 5B and 5D; higher magnification in Online Figure IX) . Part of the positive staining appeared to be extracellular, but some cells stained strongly positive for OC and BAP, especially in the vicinity of calcified nodules. The existence of OC ϩ BAP ϩ cells was also confirmed by 3-color immunofluorescence (Online Figure X) . By quantification in random microscopic fields, OC ϩ BAP ϩ cells were significantly higher in diabetic versus nondiabetic samples ( Figure 5C ). There was also a positive linear correlation between calcified area and the number of local MCCs (Figure 5D ), supporting a possible relationship between MCCs and atherosclerotic calcification. Online Figure XI shows that OC ϩ and BAP ϩ cells did no colocalized with ␣SMA staining in the fibrous cap or in the media, while showing colocalization with CD68 ϩ areas in the neointima.
Effects of High Glucose and Hypoxia on MCCs
In separated experiments, MCCs were cultured in the presence of 25 mmol/L glucose or 25 mmol/L mannitol (as osmotic control). Compared with mannitol and control condition (5 mmol/L glucose), high glucose increased the calcified area of MCC culture assessed by von Kossa staining and calcium concentration. When cells were subjected to hypoxia (Ͻ1% oxygen tension), calcification by MCCs was increased compared with normoxic control (Figure 6A and 6C) . Interestingly, these stimuli differed in their ability to modulate expression of bone-related genes in MCCs, with high glucose upregulating Runx2 (Online Figure IV) and hypoxia upregulating Osterix; both induced an increased expression of collagen ( Figure 6B ). Stimulation of MCCs with hypoxia induced a further increase in the release of MMP-9 (Online Figure VI) , which indeed is an hypoxia-sensitive gene and may regulate extracellular matrix remodeling and calcification. 19 Although high glucose stimulated BMP-2 gene expression ( Figure 6B ), it did not increase secretion of other BMPs (Online Figure VI) , suggesting that either the effect of high 
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glucose is specific for BMP-2 or the secretome analysis is not enough sensitive to detect further differences in BMP release. The relationship between hypoxia and MCCs was further explored in atherosclerotic plaques, where hypoxia inducible factor-1␣ immunostaining was used as a surrogate indicator of local tissue hypoxia. We found that hypoxia inducible factor-1␣ was more abundant and localized in the necrotic core of plaques with a higher numbers of OC ϩ BAP ϩ cells ( Figure 6D ), suggesting that hypoxia may trigger MCC homing or local differentiation.
Discussion
We demonstrate the existence of a subpopulation of circulating myeloid cells with the ability to promote calcification in vitro and in vivo. We also found that these procalcific cells are increased in type 2 diabetes and may be involved in atherosclerotic calcification.
Characteristics and Origin of Circulating Calcifying Cells
Our data show that procalcific cells can be distinguished from the total mononuclear cell population by the coexpression of OC and BAP, whereas single positivity for either of these 2 markers identify cells with lower calcifying potential. The ability to calcify in vivo was related to expression of bone-related genes, especially the transcription factor Runx2, a master gene regulator of osteogenesis. 15 The circulating Runx2 ϩ population was enriched in cells expressing OC with or without BAP, but was deprived of the noncalcific OC Ϫ BAP ϩ subset. Thus, presence of OC driven by Runx2 appears to be necessary for acquisition of a procalcific phenotype by blood cells, which is completed by BAP expression. Detailed characterization of OC ϩ BAP ϩ cells indicated a monocytic phenotype, and expression of BCR-ABL by OC ϩ BAP ϩ cells from CML patients confirms their myeloid origin. Therefore, we propose the term "myeloid calcifying cells" (MCCs). Immunohistochemistry shows a few areas staining positive for OC (far wall) or BAP (shoulder) but not both. C, The amount of intraplaque OC ϩ BAP ϩ cells was higher in serial sections of carotid samples from diabetic patients (*PϽ0.05). D, Representative histopathology of a calcium-rich carotid endoarterectomy specimen from a patient with diabetes mellitus (DM). Areas with medial calcification stained with von Kossa in the far wall (top) were negative for OC and BAP, whereas main lesion areas with calcifications were strongly positive for OC and BAP. Some of the staining was extracellular, but distinct OC ϩ and BAP ϩ cells could be identified (white arrowheads). E, A significant positive correlation was found between calcified area and intraplaque OC ϩ BAP ϩ cells. Scale bar, 100 m.
Given the hematopoietic nature of myeloid cells, MCCs should originate from the bone marrow and, indeed, they were Ϸ10-fold enriched in bone marrow aspirates compared with peripheral blood. In 2 cases of male-to-female bone marrow transplantation, we found that a fraction of MCCs was of recipient origin years after transplantation, indicating that these cells survived myeloablation and are long-lived. For this reason, it is possible that MCCs belong to the dispersed reticuloendothelial system. We also demonstrate derivation of MCCs from blood monocytes by culture in osteogenic conditions. Cultured MCCs displayed a phenotype quite similar to fresh circulating MCCs (OC ϩ BAP ϩ cells), upregulation of bone-related genes, and ability to form calcifications in vitro and in vivo. Fresh and cultured MCCs slightly differed in their gene expression profile: BMP-2 was induced only in cultured MCCs, which are pushed toward the procalcific phenotype by the culture medium containing stimuli for BMP-2 production, whereas fresh MCCs derived from a more physiological environment (the bloodstream) had lower concentration of osteogenic stimuli.
Comparison With Other Calcifying Cells
In a previous study, blood-derived OC ϩ cells have been shown to differentiate into osteoblasts after culture on fibronectin using a MSC growth protocol. 6 Although it would be surprising that all circulating OC ϩ cells (up to 5% of blood cells) are MSCs, our data indicate that MCCs are distinct from MSCs and represent a much larger fraction of blood cells. 20, 21 In vitro, MCCs display a different behavior compared with MSCs, because they do not adhere on plastic and do not proliferate steadily. MCCs also appear different from osteogenic cells previously differentiated from blood-derived fibroblasts 22 : despite their mesenchymal behavior, fibrocytes may have a myeloid origin 23 and are
Thus, MCCs appear as a hitherto unrecognized, distinct and larger population of circulating cells with procalcific potential. Chang et al described a discrete subset of resident macrophages expressing bone-related proteins intercalated throughout endosteal and periosteal cells at sites of bone remodeling, where they regulate osteoblast function. 24 It remains to be established whether these so-called "Osteo-Macs" correspond to circulating MCCs.
MCCs in Diabetes and Atherosclerotic Calcification
MCCs may be generated in different tissues via differentiation of monocyte/macrophages in the presence of an appropriate microenvironment. Because procalcific stimuli occur within atherosclerotic lesions, we wondered whether MCCs are involved in the development of intimal calcification, focusing on diabetic patients, who experience a high rate of vascular disease and are particularly prone to vascular calcification. Circulating MCCs were Ϸ2to 3-fold increased in type 2 diabetic patients, especially in the presence of CVD. Interestingly, diabetic patients without CVD had the same level of MCCs as nondiabetic patients with CVD, resembling the pattern of increased CVD risk associated with diabetes. 25 MCCs were also Ϸ3-fold increased in bone marrow aspirates of diabetic versus nondiabetic patients, suggesting that the origin of a higher level of circulating MCCs is in the bone marrow. Mechanisms that favor bone marrow abnormalities in diabetes are still unknown, but accumulating data in animals highlight previously unrecognized alterations of the bone marrow microenvironment, with microangiopathy, neuropathy and defective stem cell niche. 26, 27 Increased bone marrow MCCs may represent another feature of this niche damage. Interestingly, the increase in circulating MCCs was reversible, because optimization of the antihyperglycemic regimen in type 2 diabetic patients was able to reduce MCCs MCCs were cultured in high glucose (25 mmol/L, mannitol 25 mmol/L as osmotic control) or exposed to hypoxia. A, Calcification by MCCs exposed to these stimuli was quantified by von Kossa staining and calcium extraction. B, Gene expression modulation in MCCs by glucose, mannitol, and hypoxia. C, Examples of microphotographs taken showing von Kossa staining from the different conditions. D, To understand the relationship between hypoxia and MCCs in vivo, sections of atherosclerotic plaques with low and high OC ϩ BAP ϩ cells were stained with hypoxia inducible factor-1␣ (HIF-1␣) to show the differential level of tissue hypoxia.
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toward the normal range, depending on the achieved reduction of HbA1c. Because MCCs freshly isolated from the bloodstream promote ectopic calcification in vivo, we reasoned that excess circulating MCCs may cause vascular calcification. We found that carotid atherosclerotic plaques from diabetic patients stained stronger for OC and BAP than plaques from nondiabetic subjects. Some cells surrounding calcified areas were frankly OC ϩ BAP ϩ and may represent local MCCs. Whether these cells truly correspond to circulating MCCs homed to the plaque has not been definitely demonstrated in this study, but the colocalization of ␣SMA Ϫ CD68 ϩ areas with OC ϩ and BAP ϩ cells in the neointima supports this hypothesis. In addition, Aikawa et al, using in vivo molecular imaging of apoE Ϫ/Ϫ murine aortas, demonstrated a spatial association between osteogenic activity and macrophages, 28 which may regulate calcification. 29 Given that medial calcification is highly prevalent in diabetes, we also evaluated calcified tibial arteries from amputation specimens and found little or no staining for MCC markers (not shown), suggesting that this cell-mediated process occurs preferentially within the atherosclerotic neointima. In future studies, it will be of interest to determine the possible contribution of MCCs to other sites of ectopic calcification in humans, such as heart valves and damaged skeletal muscle.
A possible scenario resulting from our set of experiments is that diabetes increases bone marrow generation and release of MCCs, which home to sites of vascular disease and promote ectopic calcification. There are alternatives to this hypothesis. For instance, OC ϩ and BAP ϩ cells have been found to be higher in humans with osteoporosis or after bone fractures, 6, 30 which stimulate bone marrow to release cells contributing to bone healing. 8, 9 We found no correlation between MCCs and markers of bone metabolism (Online Table I ); thus, our data do not support that an altered bone microarchitecture triggers an increased demand of MCCs as a physiological skeletal response. A final alternative is that osteogenic stimuli act independently in the bloodstream and within several tissues, leading to an excess differentiation of MCCs from monocyte/ macrophages. We have shown that high glucose and hypoxia increase calcification of MCCs in vitro, likely through different mechanisms involving Runx2 and Osterix. Hypoxia, occurring within the core of atherosclerotic plaques, may be one important driver of MCC differentiation acting in association with high glucose to increase MCCs in diabetic patients.
Conclusions
We identify and characterize a novel population of MCCs profoundly altered in diabetes and involved in ectopic calcification, possibly within atherosclerotic plaques. Devising pharmacological strategies to target generation of MCCs may unveil new opportunities of cardiovascular protection in this high-risk population. 
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What New Information Does This Article Contribute?
• We discovered a hitherto unrecognized circulating cell type capable of inducing ectopic calcification in vitro and in vivo. • These cells are potentially involved in the excess vascular calcification seen in diabetes.
Vascular calcification contributes to the pathogenesis of cardiovascular disease by inducing vessel stiffness and destabilizing atherosclerotic plaques. Understanding the mechanisms driving calcium deposition in the vasculature would uncover novel opportunities for vascular protection. We identify and character-ize a subtype of blood cells with the ability to promote calcification in vitro and in vivo. They have been termed "myeloid calcifying cells" (MCCs) owing to their origin from myeloid white blood cells. MCCs are increased in the bloodstream, bone marrow, and carotid atherosclerotic plaques of type 2 diabetic patients but can be lowered by glucose control. Our data suggest that mechanisms supporting calcification by MCCs in diabetes include hyperglycemia and hypoxia. Unlike similar studies in the literature, we provide a comprehensive characterization of origin, identity, and function of MCCs, which are distinct from circulating MSCs. Thus, MCCs appear as a hitherto unrecognized actor in the process of vascular calcification and the first circulating element with a putative role in diabetic calcific vasculopathy. Therapeutic targeting of MCCs may indeed yield cardiovascular protection in diabetes. Future studies should define the regulation of MCCs in vivo and their possible contribution in other settings, such as heart valve disease.
